Abstract: This paper deals with the problem of controlling of interleaved boost power converter for fuel cell generation system. The proposed nonlinear adaptive controller is designed using the backstepping technique, based on the whole nonlinear system model that accounts for the Boost converter dynamics and the fuel cell nonlinear characteristic. The adaptive nonlinear controller involves an online estimation of unknown load resistance which represents the uncertainty of the power in DC bus. The control objective is three folds: (i) asymptotic stability of the closed loop system, (ii) perfect output voltage regulation under uncertainty and finally (iii) good current sharing between modules. It is formally shown, using a theoretical analysis and simulation results that the proposed control meets all objectives.
INTRODUCTION
The use of fossil fuels, such as oil, coal, and gas, can result in a serious greenhouse effect due to the atmosphere pollution. Meanwhile, there is a big contradiction between the fossil fuels supply and the global energy demand, which recently leads to a high oil price in the international market. The energy shortage and atmosphere pollution have been the major limitations for the human development. In this sense, renewable energy has gained a great popularity in the recent years, due to their increasing efficiency and decreasing costs. Indeed, renewable energy systems produce electric power without harming the environment, transforming a free inexhaustible source of energy (solar radiation, wind, hydrogen, etc.) into electricity. The world's demand for electrical energy has been continuously increasing and is expected to continue growing, while the majority of the electrical energy in most countries is generated by conventional sources of energy. Through the ongoing global climate change, diminishing fossil fuel resources and the fear of an energy supply shortage the global energy trends are becoming more complex. It is however disadvantageous to meet the rising electricity demand by establishing more conventional power systems. As the electricity is delivered from the main power plants to the endusers (customers) at a high voltage level along with long length transmission lines, the end-users will be out of electricity, if the lines are destroyed due to unexpected events, (e.g. natural disasters) or if fuel suppliers fail. Therefore, the penetration of distributed generation (DG) (see Fig.1 ) at medium and low voltages is expected to play a main role in future power systems. Implementing distributed energy resources (DER) such as wind turbines, photovoltaic, gas turbines and fuel cells into interconnected grids could be part of the solution to meet the rising electricity demand (Ortjohann et al., 2008 , Akorede et al., 2010 . DG technologies are currently being investigated and developed in many research projects to perform a smart grid. On the other hand, mini-grids including DG are installed into rural areas of developing countries. As the rural settlements of these countries are scattered, power systems in these areas depend on available energy sources. This will lead to various power system characteristics such as control strategy, energy management and load dispatch. Forming the interconnected grids and mini-grids by using different DGs with complex control strategies. However, all DERs in the DG normally require interfacing units to provide the necessary crossing point to the grid. The core of these interfacing units is power electronic converters because it is fundamentally multifunctional and can fulfill not only a principle interfacing role but also provides various utility functions as well. Among renewable energies, hydrogen and fuel-cell are considered as promising alternatives of energy storage and supply systems, thanks to the very high efficiency in converting the chemical energy into electrical energy and the low emissions production (Rajashekara K. 2005 , Pukrushpan et al. 2004 , Pukrushpan et al. 2005 . In the next future, it is possible to imagine that hydrogen could replace hydrocarbons as fuel in the vehicle. The problem in these applications is how to produce hydrogen. In this paper the interconnection of the fuel cell generator to the DC bus (see Fig. 1 ), using Interleaved Boost Converter (IBC), is investigated. Recently, the IBC has been studied for different applications, such as power factor correctors, photovoltaics, or fuel cell systems, (Newton et al, 2000 , Veerachary et al, 2003 . IBC consists of N-paralleled boost converters controlled by using interleaving control technique in contract with a conventional boost converter (Zhang et al. 1998) . By using interleaving technique, the inductor current of IBC can be reduced, resulting in a smaller inductor size (Shin et al, 2005, El Fadil and Giri 2009) .On the other hand, fuel cells have been researched and applied for industry applications from low power (50W) to high power (250kW) (Lee et al, 2000 , Gyu-Yeong et al, 2007 . The paper is organized as follows: in Section 2, the IBC for fuel cell generators is described and modeled; Sections 3 is devoted to controller design and closed-loop analysis; the controller tracking performances are illustrated by numerical simulation in Section 4. Figure 2 shows the fuel cell interleaved boost converter (FC-IBC) system. It consists of an FC generator, N interleaved boost converters connected in parallel, sharing a common load represented by a pure resistance R representing the power in DC bus load. This resistance is unknown as it depends on the load power demand.
2.1.Operational Principles of Interleaved Boost Converters
The number of inductors and switches in the IBC is the same as the number of phase. But, there is only one common capacitor (Fig. 2) . The current supplied by the fuel cell goes through N separate paths reducing the stress on IBC. Each path is controlled using interleaved PWM.
Fuel cell V-I static characteristic
Static V-I polarization curve for a single-cell fuel cell is shown in Fig. 3 where the drop of the fuel cell voltage with load current density can be observed. This voltage reduction is caused by three major losses (Hoogers, 2003) . The fuel cell used in this application is a proton exchange membrane (PEM). To take into account the nonlinearity of this characteristic for control design purposes, a polynomial approximation of the V-I curve of Fig.3 is obtained, by using polyfit function of MATLAB as follows:
are the coefficients listed in Table 1 . The approximation (1) will be used for the control design, which will be addressed in section 3. 
Interleaved Boost Converter Modeling
Each inductance of the IBC shown in Fig.2 
From the inspection of the circuit shown in Fig.2 , taking into account that u k can be equal to 1 or 0, from (1) it can be obtained the following bilinear switching model:
being N the number of the IBCs connected in parallel. For control design purpose, it is more convenient to consider the following averaged model (see e.g. Krein et al., 1990) , obtained by averaging the model (3) over one switching period 
ADAPTIVE CONTROLLER DESIGN AND ANALYSIS

Adaptive Control Design
The load resistance R in the model (4) may be subject to step changes. The controller to be designed should involve an on-line estimation of the unknown parameter:
The corresponding estimate is denotedθˆ, and the parameter estimation error is θ θ θ− = 
Adaptive controller design
The second objective is to enforce the output voltage to track a given constant reference signal d V despite the system parameter uncertainties. It shown in many places (see e.g. El Fadil and Giri, 2007) , that the boost converter has a non-minimum phase feature. Consequently, the control objective is to enforce the current 
The later equation shows that the reference current signal Td x depends on the uncertainty which not usual in the standard adaptive control (see e.g. Krstić et al., 1995) . In this paper, one seek that the current T i track the estimated reference signal Td x defined as follows
To carry out the first step of the controller design, which stipulates achieving the tracking objective despite the system parameter uncertainties, the backstepping design principles are invoked (Krstić et al., 1995) . A controller is designed in two steps, since the controlled system (4) is a two-order.
Step1: Keeping in mind the proper current sharing objective, the following tracking error is introduced
Achieving the tracking objective amounts to enforcing the errors k z 1 (k=1,…, N) to vanish. To this end, the dynamics of k z 1 have to be clearly defined. Deriving (9), it follows from (4a) and (4b) that: 
The time-derivative of 1 V along the trajectory of (11) is: The next step is to determine a variation law for control signals k µ so that the set of errors k z 1 and k z 2 vanish asymptotically. But, let us first establish some useful equations. Equation (11) becomes, using (14) and (15) 
Also, the derivative (12) of the Lyapunov function is rewritten
Step 2. The objective now is to enforce the error variables ( k z 1 , k z 2 ) to vanish. To this end, let us first determine the dynamics of k z 2 . Deriving (15) and using (4a-b), (14), and (16), one obtains
We are finally in a position to make a convenient choice of the parameter update law and feedback control to stabilize the whole system with state vector is ( k z 1 , k z 2 ,θ ). Consider the augmented Lyapunov function candidate (17) and (18) is obtained, using the fact that θ θ
where > 2 c 0 is a second design parameter. To eliminate θ from V & we choose the following adaptation law
Time derivative of d Iˆ, is obtained, using (10) and (22), by the following expression
where 
This suggests choosing k µ so that the bracketed term, on the right side of (25), is equal to zero. Doing so, one gets, using (18), the following control law (after some algebraic manipulations) ( ) 
The adaptive controller thus designed includes the parameter adaptive laws (22) and the adaptive control law (26). The resulting closed-loop system is analyzed in the following Theorem.
Theorem 1: Consider the closed-loop system consisting of a fuel cell interleaved boost converter system represented by (4a-b) subject to uncertain load resistor R , and the controller composed of the adaptive control law (26) and the parameter update law (22). Then, one has: i) All the closed-loop system is globally asymptotically stable, ii) The errors k z 1 converge to zero. This propriety ensures, in fact, the proper current sharing between modules.
iii) The estimation error 
SIMULATION RESULTS
The performances of the proposed adaptive control design are illustrated through simulations. The controlled system is a three phase interleaved boost converter with the parameters listed in Table 2 . The experimental bench is described in Fig.4 and is simulated using the MATLAB software. The design control parameters are chosen as follows: = (which represents the DC bus voltage) and successive load resistance jumps. The jumps vary between 2.5Ω and 5Ω, yielding variation of 50% of the power in DC bus. As it can be seen, despite the load resistor uncertainty, the controller behavior is satisfactory. It is worth noting that such a good behavior is preserved when facing different variations of the load resistance. This result confirms a tight regulation under uncertainties. Fig. 6 shows an appropriate current sharing between the interleaved inductor currents under load changes. Fig. 7 illustrates a perfect estimation of uncertain parameter. Finally, Fig.8 shows a perfect interleaving between inductor currents.
CONCLUSION
The problem of controlling an interleaved boost converter for fuel cell generation system has been addressed. The solution involves an adaptive controller designed using the backstepping technique, based on the system model (4a-b) that accounts for the Boost converter dynamics and the fuel cell nonlinear characteristic. The adaptive feature is necessary to cope with the uncertainty and change of load resistance which represents the variation of the power in DC bus. The obtained voltage adaptive controller consists of the adaptive update laws (22) and the control law (26). It is formally shown to meet its control objectives, despite the system parameter uncertainty (Theorem 1). Specifically, a global asymptotic stability of the closed-loop system, a perfect output voltage regulation and a good current sharing between modules. This theoretical performance is checked by simulations. 
